Much attention has been paid to coagulation as a pretreatment for controlling membrane fouling. Until now, however, there has been no literature available on the application of Zr-based coagulants in the coagulation-ultrafiltration process. The aim of this work is therefore to investigate the coagulation behavior of ZrOCl 2 and its influence on membrane fouling, in comparison with that of the commonly used Al-based coagulants, Al 2 (SO 4 ) 3 and PACl. Floc formation kinetics were studied via 'a turbidity fluctuation technique' (PDA measurement). A variation in the pH and temperature of raw water was also Particularly, this work describes a novel Zr coagulant as an important potential candidate for application to the coagulation-ultrafiltration process in the future.
Introduction
Coagulation is considered as an indispensable step to be adopted prior to ltration (e.g., sand ltration and membrane separation), because it allows for the effective removal of particulates and natural organic matters (NOM).
1 Particulates in source water are destabilized by the addition of positively charged coagulants, and they aggregate to larger ocs during random collision, which is usually driven by mechanical agitation. 2 The removal of NOM depends on the direct precipitation of NOM-ocs and/or adsorption onto metal hydroxide precipitates. 3 In this process, selection of the coagulant is of signicant importance since the coagulation performance is signicantly determined by several related factors, such as speciation of the hydrolysis products of coagulant, as well as the quantity and reactivity of the complexing ligands.
3 Based on this principle, aluminum (Al) salt coagulants have been widely used during the portable water production for nearly a century. 4, 5 Recent works have, however, reconsidered the suitability of Al-based salt coagulants, advising that an excess of residual Al presented in the effluent could present many drawbacks. In this regard, the elevated concentration of Al in puried water may lead to poor turbidity removal performance, low disinfection efficiency and a loss in hydraulic capacity. 6 Also of concern are the effects of the long-term ingestion of water containing high concentrations of Al, which may result in neurological disorders (including Alzheimer's disease) in humans. 7 Attention has therefore gradually shied toward the use of economically and environmentally friendly alternatives. The application of Ti-based salts as coagulants has attracted much attention in recent years, [8] [9] [10] with Zr-based salt also being recommended as a potential feasible coagulant. Jarvis et al. comparatively evaluated salt coagulants in terms of NOM removal efficiency. 11 The results showed that the Zr salt lead to a reduction of 46% to 150% dissolved organic carbon (DOC), as compared to the Fe salt. In addition, ocs formed by the Zr salt were larger in size (930 mm) as compared to Fe-ocs (710 mm). Hussain et al. indicated that zirconium tetrachloride was more effective for the removal of low-medium molecular weight organics, which could limit the formation of disinfection byproducts (DBPs) oen known to be carcinogenic. 12, 13 Besides, Zr salt was also conrmed to be effective for arsenic removal, What also worth to be noticed is organic membrane fouling, since it hinders the widespread application of membrane techniques during surface water treatment. 16, 17 Coagulation provides an important avenue for the control of membrane fouling. Ma et al. pointed out that the dosage of coagulant should be carefully considered, because it has been veried that a critical dose of Al exists which could cause dramatic ux reduction. 18 Liu et al. successfully mitigated organic membrane fouling caused by humic acid in the long-term by employing a two-stage dose strategy. 19 Additionally, coagulation coupled with an oxidative technique (e.g. ferrate, 20 UVirradiation 21 and ozone 22 ) has been conrmed to be more effective in alleviating the reduction of transmembrane pressure (TMP) during ultraltration. Recently, attempts have been made to explore the possibility of using novel coagulants to control membrane fouling.
23, 24 Huang et al. veried that the application of titanium sulfate in coagulation can lead to the slightest membrane fouling compared with Al and Fe salts. 23 However, until now, there is no report on the feasibility of Zr-based coagulants for the control of membrane fouling.
Therefore, the objective of this study is to evaluate the coagulation efficiency of a novel coagulant, zirconyl chloride octahydrate, and use it to made an attempt to mitigate membrane fouling during the ultraltration process. To further understand the coagulation behavior of the Zr salt coagulant, ocs formation was monitored using a photometric dynamic analysis (PDA) measurement, and their characteristics were also investigated in this study, in comparison with those of the commonly used Al-based metal coagulants, aluminum sulfate (Al 2 (SO 4 ) 3 ) and polyaluminum chloride (PACl).
Materials and methods

Chemical reagents
All the chemicals used in this study were analytical grade except for those specically mentioned, and stock solutions were prepared using Millipore-Q deionized (DI) water. As reported, humic acid (HA, Sigma-Aldrich, USA) and kaolinite (Fuchen, Tianjin, China) were usually selected as the representatives of the typical organic substances and particulates presenting in the surface water. 25, 26 The preparation of HA and kaolin stock solutions are similar to those reported in the ref. 19 In particular, in order to investigate oc strength and recovery ability, an increased mixing speed of 300 rpm lasting 1 min was introduced to break the fully formed ocs aer 15 min occula-tion period, and then a slow mixing of 60 rpm for 15 min was applied to evaluate the recovery ability of broken ocs.
PDA monitoring and ocs images
The kinetics of ocs formation, breakage, and subsequent regrowth were measured by the 'turbidity uctuation method' using an intelligent photometric dispersion analyzer (iPDA 2000, Rank Brothers, UK). The procedure is similar to that reported by Yu et al. 25 Two indexes including the average transmitted light intensity (dc value) and the root mean square (rms) value of the uctuating component of the intensity were monitored. The ratio (rms/dc) was outputted and dened as the occulation index (FI), which allows for sensitive measurement of particles aggregation. 27 The FI value is strongly correlated with the oc size, and it increases as the ocs grow.
28 Particularly the strength and recovery factor can be quantied by the change of FI value, as displayed in the eqn (1) and (2) . Additionally, the growth rate of ocs can be also evaluated by the increasing rate of FI value during the initial occulation stage. The data were recorded using a data acquisition system (Pico ADC-11, Pico Technology, UK) every 2 seconds aer the initial FI value was maintained at a steady rate.
where V 1 is the maximum FI value before oc breakage; V 2 is the minimum FI value when ocs are broken, and V 3 is the maximum FI value aer regrowth of broken ocs. Coagulation performance is largely determined by ocs characteristics, such as oc size, fractal dimension, and density. 29 To investigate these characteristics, ocs were carefully withdrawn using a hollow glass tube (inner diameter of 2.5 mm), aer they have been fully formed, and then slowly transferred to a glass slide. Flocs images were captured using a CCD camera (MV-EM510C/M, Microvision, China) equipped with a lens (BT-2307, Microvision, China). These images had a resolution of 2456 Â 2058 pixels, where 1 pixel represents 3.45 mm. Open-access so-ware (ImageJ 1. 48 ) was used to further analyze the ocs images. The two-dimensional fractal dimension is dened by a power law relationship between the projected area (As) and the characteristic length of the oc, denoted as "l". It can be calculated from:
where D 2 is the two-dimensional fractal dimension. The value of D 2 ranges from 1 to 2, a smaller value of 1 represents a linear shape, while a larger value of 2 indicates a spherical oc. 30 
UF experiments and membrane fouling analysis
Ultraltration (UF) experiments were conducted in dead-end mode using a ltration cell (Amicon 8400, Millipore, USA) at room temperature (25 AE 1 C). A at sheet membrane (PALL, USA) of polyethersulfone (PES) was used in this study, with a molecular weight cut-off (MWCO) of 100 kDa. Prior to testing, each membrane was soaked in Millipore-Q DI water for at least 12 h, and then washed thoroughly for the removal of organic residues on the PES membrane. During ltration, a constant pressure was provided by nitrogen gas and maintained at 0.1 MPa. Membrane fouling was evaluated using an index known as 'normalized ux', dened as J/J 0 , where J is the real-time ux and J 0 corresponds to the initial ux. The permeate ux was calculated according to the change in the weight of ltrate which was measured using an electronic balance (MSU5201S-000-D0, Sartorius AG, Germany). And the data was automatically recorded every 2 seconds by an open soware (Version 1.0.5, Future Co. Ltd, China) using a personal computer. The overall setup of the UF experiment system applied in this work was similar to that employed by other researchers.
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The ltration experiment in this study includes 2 cycles: continuous ltration of 600 mL coagulated water without settlement, and backwashed by 200 mL DI water; the next cycle begins with the ltration of 300 mL coagulated water without backwashing process. In most cases, membrane fouling is generally elucidated by and classied into irreversible fouling (IF), reversible fouling (RF) and total fouling (TF). 32 The relative calculation is expressed in the following equation:
where 'J p(n) ' is the initial membrane ux, 'J f(n) ' is the nal ux, and 'n' represents the operation cycle of $1.
Other analytical methods
To understand the characteristics of electric charge of impurities under different coagulant dosages, ocs were withdrawn instantly aer the rapid mixing period, and zeta potentials were examined for 3 times by Zetasizer (Zetasizer 2000, Malvern, UK). The UV absorbance at 254 nm (UV 254 ) of 0.45 mm ltered sample was determined using an ultraviolet/visible spectrophotometer (UV2600, Shunyu, Shanghai, China). pH was measured by a pH meter (PHSJ-3F, Leici, Shanghai, China). Molecular weight (MW) distribution of organic matters in the raw water and the treated water were analyzed according to the procedure as reported in the ref. 33 . All the measurements were carried out in triplicate, and the average values were adopted. In order to study the surface morphology of fouled membrane, the used membrane sheet was placed in a dryer until it has been fully dried. The dried membrane was carefully cut into 1 cm Â 1 cm fragment and then platinum-coated on a sample plate for observation under scanning electron microscopy (SEM, S4800, Hitachi, Japan).
Results and discussion
Zeta potential and coagulation behavior
A series of coagulation trials were undertaken in order to obtain a preliminary understanding of coagulation performance of the three coagulants (i.e. ZrOCl 2 , Al 2 (SO 4 ) 3 and PACl), without pH adjustment of the raw water. In this regard, the variation of zeta potential (ZP), turbidity and organics removal efficiency were simultaneously evaluated within the dosage range from 0.02 mM to 0.14 mM, as shown in Fig. 1 . Fig. 1a shows the inuence of coagulant dosage on the zeta potential of the initial formed ocs which were withdrawn and measured aer 1 min rapid mixing for coagulant hydrolyzation and particles destabilization. The ZP of raw water was determined to be À32.1 mV. It can be seen that the value of ZP normally kept a positive relationship with the increasing dosage. Particularly, the ZP of ocs rstly increased to the positive when Al 2 (SO 4 ) 3 was added at dosages higher than 0.04 mM. Comparatively, for PACl and ZrOCl 2 , these dosages had to be greater than 0.08 mM and 0.10 mM respectively. Clearly, the sequence of the ability of charge neutralization of three coagulants was as follows: Al 2 (SO 4 ) 3 > PACl > ZrOCl 2 , which was different with the observations in our previous study. 34 In the absence of HA in the raw water, the ZP value of ocs reversed to the positive at a lower PACl dosage of 0.025 mM, while that for Al 2 (SO 4 ) 3 was of 0.08 mM. This difference can be explained by the various speciation in the both Al-based coagulants. Specically, Al 2 (SO 4 ) 3 is mainly composed of monomer Al (Al a ); PACl used is mainly polymeric Al (Al b and Al c ), and more details can be found in Section 2.1. The constituent of Al b in PACl is more stable than Al a and more effective in charge neutralization to destabilize kaolin particles. In contrast, the majority of Al a in Al 2 (SO 4 ) 3 partially hydrolyzes to Al b and Al c aer dosing, and thus complexation with HA functions simultaneously. Hence, it can be observed that Al 2 (SO 4 ) 3 is more effective for the complexation between positively charged metal hydroxide and negatively charged organics, viz. humic acid in this study.
The coagulation performance of the three coagulants was studied in terms of turbidity and organic substance removal, as presented in Fig. 1b-d . The turbidity and UV 254 absorbance of the raw water were 37.8 NTU and 0.353 cm À1 , as achieved by the addition of kaolinite and humic acid. Regarding turbidity removal (Fig. 1b) , the optimal dosages of ZrOCl 2 , Al 2 (SO 4 ) 3 and PACl were found to be 0.10 mM, 0.04 mM and 0.08 mM, respectively. Similarly, superior HA removal were also found at the same dosages of the three coagulants (Fig. 1c) . The trend in organics removal was apparently different with that in turbidity removal under a dosage range from 0.02 mM to 0.14 mM. Specically, as to HA removal (Fig. 1c) , the residual concentration represented by UV 254 absorbance kept at a low level within the dosage range from 0.04 mM to 0.14 mM when the Al-based salt coagulants were employed, whereas turbidity removal performance showed a different trend. This phenomenon can be explained by the different removal mechanisms of organics and particulates. Colloid/particulates destabilization and aggregation is the mechanistic pathway for kaolinite removal; For dissolved organics removal, complexation plays a key role. Hence, it suggests that complexation of organics can be efficient under a broader dosage range of Al salts, compared to that of particles destabilization. In comparison, the dosage of ZrOCl 2 should be better carefully selected for the expected performance, since higher or lower dosages other than 0.10 mM can cause obvious negative effects (Fig. 1b and c) . Also in the recent studies on the application of titanium-based (Ti-based) coagulants, Chekli et al. found polytitanium tetrachloride and titanium tetrachloride had broader region of good occulation in terms of coagulant dose, compared with FeCl 3 coagulant.
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And a comparative study on the Zr-based and Ti-based coagulants in the future would be interesting. Additionally, as shown in Fig. 1d , ZrOCl 2 exerted a better removal efficiency of lowmedium MW humic substances (<100 kDa), compared with Al-based coagulants. This result was also conrmed by other researcher previously. 36 Hence, for clarity, the optimum dosages of ZrOCl 2 , Al 2 (SO 4 ) 3 and PACl were determined to be 0.10 mM, 0.04 mM and 0.08 mM respectively, and were employed throughout the following experiments.
Effects of pH and temperature on coagulation efficiency
Both signicant factors including pH and temperature determining the coagulation performance were also considered in this study (Fig. 2) . At a pH of 5, as shown in Fig. 2a , the organics removal efficiency of the three coagulants were all slightly reduced (compared with a pH of 7, Fig. 2e ), and maintained beyond 80%. Nevertheless, an improved removal efficiency of organic matter was observed in the previous study when the pH value decreased from 7 to 6 in Al-based coagulation system.
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This phenomenon can be attributed to the different hydrolysis degree of Al salt under various pH values. At a lower pH of 5 in this work, the polymerization of Al 3+ was inhibited at a certain extent, and the adsorptive removal of HA by high polymeric positive hydrolyzates was thus reduced. 38 The ability to remove turbidity, however, were signicantly deteriorated for ZrOCl 2 and PACl. It was apparent that the relative ideal particulates and HA removal at pH 5 can be only attained by adding Al 2 (SO 4 ) 3 . At pH 9, the removal performance of organics was impeded, except for PACl, which maintained at a reduction rate of 92.83% (Fig. 2b) . In terms of turbidity removal, the performance of the three coagulants were all extremely decreased to a removal rate below 20%. It is generally believed that when pH was higher than 8.0, the suspensions system was difficult to be destabilized since the hydrolyzate were transformed to Al(OH) 4 À . 38, 39 While for the used PACl product, the polymeric and colloidal species (i.e. Al b and Al c ) remained relatively stable aer dosing and still obtained ideal treatment performance in HA. Particularly a low removal efficiency in turbidity can be attributed to the poorer settleability of ocs formed in this case, and these ocs (comprising HA, kaolin and hydroxides) were ltered before the measurement of UV 254 and thus led to a lower UV value.
Owing to the uctuation of temperature of source water seasonally, it is possible to gain an in-depth knowledge of the application of coagulants at various temperatures, especially at low temperature which has been conrmed to exert adverse effects on coagulation performance. 40, 41 When the temperature of test water decreased from 25 C to 15 C (Fig. 2c) , the coagulation performance was inuenced at varying degree. A signicant negative inuence on coagulation efficiency of both turbidity and HA removal was found when ZrOCl 2 was added. In comparison, a further decrease of temperature to 5 C (Fig. 2d) only exerted slight negative inuence on PACl coagulation performance, while the others were greatly deteriorated in terms of turbidity removal. In particular, a relative desirable removal of humic acid (>95%) can be still obtained by Al-based salt coagulants at a low temperature of 5 C. It can be found that complexation ability between hydroxides of Al salts and HA showed stronger resistance to the decrease in temperature from 25 C to 5 C. And this result was similar to the other observation. 
PDA monitoring and ocs characteristics
To gain further insight into the coagulation behaviors including ocs formation kinetics and their characteristics, a 'turbidity uctuation' technique (PDA measurement) and ocs photography based on a CCD camera were applied in this work (Fig. 3 and 4). The dosages of the three coagulants were selected at optimum values, i.e. 0.10 mM for ZrOCl 2 , 0.04 mM for Al 2 (SO 4 ) 3 and 0.08 mM for PACl. And more detailed properties of ocs formed by the three coagulants, such as oc size, fractal dimension, settleability as well as strength and recovery factor, were comparatively investigated. Fig. 3a shows a PDA measurement of the process of ocs formation and the following settlement for 15 min, as indicated by the variation in the FI value. It can be seen clearly that a much higher FI value than the others up to 2.47 was obtained by Zr salt ocs (Fig. 3a) . By contrast, the ocs formed by Albased salt coagulants reached the similar FI value at a lower level of $1.38. The difference of oc size between Zr-based and Al-based salt ocs was also veried by the direct observation on the measurements derived from ocs images (Fig. 4a-c) . The corresponding result was summarized in Fig. 3b . Specically, the average size of ocs formed by the Zr salt was found to be 414.7 mm, nearly twice that of the Al 2 (SO 4 ) 3 and PACl ocs, with average diameters of 185.3 mm and 167.8 mm, respectively. This result kept consistent with the FI values as reected in Fig. 3a , and a certain deviation within 8% (caused by different measurement methods) was theoretically permitted. Additionally, the oc size distribution, as shown in Fig. 4d , indicated that the major range of Zr salt oc size was between 300-500 mm, larger than that of Al salt ocs mainly ranging from 100 mm to 200 mm.
Notably, the ocs formed by the Zr salt settled much faster than the Al salt ocs, as demonstrated by the rate of the reduction of FI value aer 15 min slow mixing (Fig. 3a) . This may be attributed to the larger size or more compact ocs formed by the Zr salt, since the darker ocs displayed in Fig. 4a may suggest a more compact structure and more impurities inside. Besides, the appearance of ocs formed by Zr salt were more inclined to a circular shape, while that of Al-based salts were more like a linear shape (Fig. 4a-c) . This phenomenon was evidently supported by the fractal dimension of Zr salt ocs (1.73), higher than Al 2 (SO 4 ) 3 ocs (1.33) and PACl ocs (1.52).
Compared with ocs settling performance, the growth rate of ocs was also evaluated in this work. The ocs growth rate can be represented by the ratio of the FI value to time, i.e. the slope of FI value curve during the ocs formation period. 43 It was readily concluded that the highest ocs growth rate was obtained by adding ZrOCl 2 , then that of PACl, and lastly Al 2 (SO 4 ) 3 ( Fig. 3a and c) . In particular, the strength of ocs formed by the Zr salt was the highest among the three coagulants used (Fig. 3d) , and was also veried by the more compact ocs morphology shown in Fig. 4a . Moreover, a complete recovery of broken Zr salt ocs was simultaneously found in surprise, compared with the poorer regrowth ability of Al salt ocs (Fig. 3d) . It can therefore be concluded that ocs with larger size, faster settleability, higher strength and better recovery potential can be simultaneously obtained through the use of ZrOCl 2 as coagulant.
Signicance of particles in coagulation
Due to the different removal mechanisms of organic matters and particulates, it is necessary to evaluate the coagulation behaviors of the three targeted coagulants in the absence of kaolinite. Fig. 5a depicts the process of ocs formation in the humic acid system at a pH of 7. HA-Zr salt ocs grew faster than the ocs formed by Al salt coagulants, and attained the highest FI value, approximately 0.68. HA ocs formed by Al 2 (SO 4 ) 3 reached at a lower FI level of $0.32. However, the addition of PACl did not contribute to any apparent increase in the FI value, which indicated that there were not visible ocs formed. Also this result was demonstrated by the observations on ocs images (Fig. 5d) . Interestingly, the sizes of ocs displayed in Fig. 5b and c were similar to the corresponding ocs formed by HA-kaolin and metal hydroxide shown in Fig. 4b and c separately. In response to the low FI values of HA-ocs, compared with those shown in Fig. 3a , the reason can be explained by the distinctive characteristics of scattered light with or without kaolin particles, which could signicantly alter the FI value. And the similar phenomenon was found and explained in the ref. 44 . Therefore, it can be deduced that the larger ocs formed by Zr salt may be attributed to the greater size of its hydroxide and/or the stronger interaction between these hydroxide/micro-ocs, regardless of the presence of kaolin particles. While particles played an important role during the ocs formation when adding PACl, and the function of particles in this case was more likely to act as the occulation cores which contributed to the growth of ocs formed by PACl hydroxide.
Membrane fouling analysis
Ultraltration experiments were conducted using coagulated water without settlement as feed water under a constant pressure of 0.1 MPa. And the coagulation experiments were performed under the optimum dosages of each coagulant (0.10 mM ZrOCl 2 , 0.04 mM Al 2 (SO 4 ) 3 and 0.08 mM PACl) at pH 7. The ux decline of membrane was indicated by the variation of normalized ux (J/J 0 ), as shown in Fig. 6a . It can be noted that the ux decline induced by Zr salt ocs decreased more quickly at rst (the initial ltration volume of 150 mL) than that caused by Al salt ocs. Under the continuous ltration up to a volume of 600 mL in an operation cycle, ocs formed by Al 2 (SO 4 ) 3 led to the worst membrane fouling, as indicated by the nal normalized ux (J/J 0 ) of 0.67, followed by PACl and ZrOCl 2 . This result was partly consistent with the nding of Wang et al. in terms of the membrane fouling caused by Al salt ocs. 45 In addition, the ux of membrane fouled by Zr salt ocs can be recovered to 0.82 aer backwashing of 200 mL DI water. The degree of membrane ux recovery (by hydraulic backwashing) is considered to be dependent on the characteristics of pollutants and membrane, and generally characterized by the two typical fouling modes, including reversible fouling and irreversible fouling. As shown in Fig. 6b , the percentage of reversible fouling of membrane ltered by Zr salt coagulated water was found to be nearly half of its total membrane fouling, while irreversible fouling was more severe when ltered by coagulated water containing Al salt ocs. In most cases, irreversible fouling is commonly attributed to pore blocking in micro-and ultraltration membranes. Wang et al. found that HA of MW fraction of 30-50 kDa could cause the most severe irreversible fouling during ultraltration process, followed by the MW fraction of 10-30 kDa and MW fraction less than 10 kDa. 45 This nding could also give a feasible explanation for the more severe irreversible membrane fouling caused by Al salts coagulated water in this study, owing to their lower removal efficiency of HA of low and medium MW fractions, in a comparison with the Zr-based coagulant (Fig. 1d) .
SEM images of the fouled membranes were also employed to observe the surface morphology of the cake layer aer they have been air-dried (Fig. 7) . Compared with the new membrane (Fig. 7a) , membranes fouled by ZrClO 2 , Al 2 (SO 4 ) 3 and PACl coagulated water were displayed by Fig. 7b-d , respectively.
Hydraulic resistance (R m ), adsorption resistance (R a ), pore blocking resistance (R p ) and cake formation resistance (R c ) are considered as the typical membrane fouling resistance, according to the ref. 46 . Specically, R c is mainly determined by the characteristics of cake layer which is formed by the accumulation of deposited ocs. And oc property might be a critical inuential factor affecting the formation of cake layer. 47 An obvious distinction of cake layer (looser structure) formed by Zr salt ocs can be found in Fig. 7b , compared with that formed by Al salt ocs (Fig. 7c and d) . Accordingly, it can be primarily deduced that surface blocking occurred causing a reduction in available ltration area when Zr salt ocs (larger size, compared with Al salt ocs) rstly deposited on the membrane surface.
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And then, in this case, the relative rapid ux decline during the initial ltration volume of 150 mL (Fig. 6a) can be attributed to the reduced available membrane area under a constant ltra-tion pressure. While for the cake layers shown in Fig. 7c and d, more compact structures were easily found, since ocs with small size distribution are more likely to form a more compact cake layer and thus enhance the value of R c . 49 In addition, the higher concentration of HA of low and medium MW fractions remained in the water coagulated by Al salts (Fig. 1d ) might cross the cake layer and result in shrinkage of ow channel caused by absorbed into membrane pores. The both aforementioned reasons were also expected to explain the continuous decreased membrane ux ltered by coagulated water containing Al salt ocs (Fig. 6a) . Consequently, it can be concluded that the Zr-based coagulant is more effective in membrane fouling control, compared with Al-based coagulants.
Conclusions
The main conclusions of this work are as below:
(1) The Zr coagulant offers improved particulates and organics removal over traditional Al-based coagulants at neutral pH and at a room temperature (25 C) . However, Al-based coagulants are less negatively inuenced by the variation in pH and temperature.
(2) Flocs produced by the Zr coagulant are characterized by greater size, stronger strength, better recovery ability (nearly 100%) and extraordinarily superior settleability.
(3) The Zr coagulant was observed to be more effective in membrane fouling control, especially in terms of irreversible fouling attributed to its better removal efficiency of low-medium MW humic acid.
(4) Further work should consider the application of Zr coagulants for membrane fouling control caused by other types of organic pollutants, e.g. polysaccharides and protein-like pollutants.
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